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BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] This invention relates in general to integrated circuits and in peirticular to level 
shifters for integrated circuits 

10 Description of the Related Art 

[0002] Level shifters are utilized in integrated circuits for changing the voltage of a signal 
from a first voltage to a second voltage. 

[0003] Figure 1 is a circuit diagreun of a prior art level shifter. A signal applied to input 
112 may range from 0 volts to the voltage of a first supply voltage (VDDl). The shifted 

15 signal provided at output 1 14 in response ranges from OV to the voltage of a second voltage 
supply (VDD2). Level shifter 101 includes a pair of cross coupled inverters with P-channel 
transistor 105 and N-channel transistor 107 making up inverter 104 and P-channel transistor 
109 and N-channel transistor 111 making up inverter 106. Level shifter 101 also includes an 
N-channel transistor 113 having a gate connected to input 112 and a second N-channel 

20 transistor 115 having a gate coupled to input 112 via an inverter that includes P-channel 
transistor 117 and N-channel transistor 118. 

[0004] When input 1 12 is at VDDl, transistors 107, 109, and 1 13 are conductive and 
transistors 105, 111, and 1 15 are non conductive to pull output 1 14 to VDD2. When input 
1 12 is at OV, transistors 107, 109, and 1 13 are non conductive and transistors 105, 111, and 
25 1 15 are conductive to pull output 1 14 to OV. 
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[0005] During the power up of a circuit incorporating level shifter 101, the output of the 
voltage regulator supplying supply voltage VDD2 may reach VDD2 faster than the output of 
the voltage regulator supplying VDDl reaches VDDl. Because inverters 104 and 106 have 
the same threshold voltage, the voltage of output 114 can not be relied upon to be in the same 
5 voltage state (a known state) (either a high voltage state or a low voltage state) during each 
power up. 

[0006] What is needed is an improved level shifter. 
BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] The present invention may be better understood, and its numerous objects, 
10 features, and advantages made apparent to those skilled in the art by referencing the 
accompanying drawings. 

[0008] Figure 1 is a circuit diagram of a prior art level shifter. 

[0009] Figure 2 is circuit diagram of one embodiment of a level shifter according to the 
present invention. 

15 [0010] Figure 3 is circuit diagram of another embodiment of a level shifter according to 
the present invention. 

[0011] Figure 4 is circuit diagram of another embodiment of a level shifter and a driver 
circuit according to the present invention. 

[0012] Figure 5 is circuit diagram of another embodiment of a level shifter according to 
20 the present invention. 

[0013] Figure 6 is a block diagram of an integrated circuit according to present invention. 

[0014] The use of the same reference symbols in different drawings indicates identical 
items unless otherwise noted. 
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DETAILED DESCRIPTION 

[0015] The following sets forth a detailed description of a mode for carrying out the 
invention. The description is intended to be illustrative of the invention and should not be 
taken to be limiting. 

5 [0016] It has been discovered that providing a level shifter with cross coupled inverters 
having threshold voltages that differ may provide for a level shifter that is biased to be in a 
known state during the power up of a circuit incorporating the level shifter. 

[0017] Figure 2 is a circuit diagram of a level shifter according to the present invention. A 
signal inputted at input 212 may range from 0 volts to the voltage of a first supply voltage 
10 (VDDl). The signal provided at output 214 is shifted in a range of OV to the voltage of a 
second voltage supply VDD2. Output 214 is a non inverting output in that a high voltage 
(e.g. VDDl) at input 212 results in a high voltage (e.g. VDD2) at output 214. 

[0018] Level shifter 201 includes a pair of cross coupled inverters with inverter 204 
including P-channel transistor 205 and N-channel transistor 207 and inverter 206 including P- 

15 channel transistor 209 and N-channel transistors 211 and 221. Inverter 204 has an input 
connected to output 214 and an output connected to node 228. Inverter 206 has an output 
connected to output 214 and an input connected to node 228. Level shifter 201 also includes 
an N-channel transistor 213 having a gate connected to input 212 and an N-channel transistor 
215 having a gate coupled to input 212 via an inverter made from P-channel transistor 217 

20 and N-channel transistor 218. 

[0019] A high voltage (e.g. VDDl) at input 212 makes transistor 213 conductive, thereby 
pulling the voltage of the gates of transistors 209 and 21 1 to ground (e.g. 0 volts) to make 
transistor 209 conductive and transistor 211 non conductive. Making transistor 209 
conductive pulls output 214 to VDD2. Because transistor 21 1 is non conductive, transistor 
25 221 is also non conductive. Output 214 being pulled to VDD2 pulls the gates of transistors 
205 and 207 to VDD2, thereby making transistor 205 non conductive and transistor 207 
conductive. Input 212 being at VDDl also makes transistor 217 non conductive and 
transistor 218 conductive to make transistor 215 non conductive. 
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[0020] A low voltage (e.g. 0 volts) at the input 212 makes transistor 217 conductive and 
transistor 218 non conductive, thereby making transistors 215 conductive. Making transistor 
215 conductive pulls output 214 to ground thereby making transistor 205 conductive and 
transistor 207 non conductive. Making transistor 205 conductive makes transistor 209 non 
5 conductive and transistor 211 conductive. Making transistor 211 conductive makes transistor 
221 conductive by pulling the gate of transistor 221 to ground. 

[0021] Inverter 204 has a lower threshold voltage than inverter 206. In the embodiment 
shown, this difference in threshold voltage is due to the addition of transistor 221 in series 
with 21 1 in inverter 206. The gate of transistor 221 is connected to the drain (a type of 

10 current terminal for an N-channel transistor as configured) of transistor 221. In this 

configuration, the voltage at the gate of transistor 211 must be higher than the gate to source 
voltage of transistor 211 plus the gate to source voltage of transistor 221 before current flows 
through both transistors from output 214. However, for inverter 204, the voltage at the gate 
of transistor 207 only has to be higher than the gate to source voltage of transistor 207 before 

15 current flows through transistor 207. Accordingly, the threshold voltage of the inverter 206 
has a higher threshold voltage than inverter 204. 

[0022] In one embodiment where the lengths and widths of transistors 205, 207, 209, 211, 
and 221 are the same and the mobility of transistors 211 and 207 is about twice as great as the 
mobility of transistors 205 and 209, the threshold voltage of inverter 206 is greater than the 
20 threshold voltage of inverter 204 by about 2/3 the gate to source voltage of transistor 221. In 
other embodiments, the increase in threshold voltage of an inverter due to an additional N- 
channel transistor (e.g. 221) is given by the follow formula: 



[0024] where AVTH is the increase in threshold voltage due to the additional transistor, 
25 VTH is the threshold voltage of the inverter without the additional transistor, and Vgs is the 
gate to source voltage of the additional transistor. This formula assumes that the other 
transistors of the inverter have the same channel widths and lengths. With other 
embodiments, the increase in the threshold voltage due to the additional transistor may be 
different (e.g. V4 of Vgs or greater) depending upon the configuration of the invertors. 
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[0025] During power up, a voltage source (not shown) supplying VDD2, may turn on 
faster than a voltage source (not shown) supplying VDDl. Accordingly, voltage rail 220 may 
be at VDD2 faster than voltage rail 222 reaches VDDl . This may occur for example when a 
voltage source (e.g. a voltage regulator) supplying VDD2 supplies the voltage to the voltage 
5 source (e.g. another voltage regulator) supplying VDDl. 

[0026] If during power up, voltage rail 220 is rising from 0 volts to VDD2 and rail 222 is 
still at 0 volts, transistors 213 and 215 will be non conductive. During this time, output 214 
and node 228 are initially at 0 volts (or at a lower voltage than the threshold voltage of 
inverters 204 and 206). With output 214 and node 228 initially at OV (or at low voltage), 

10 transistors 205 and 209 are weakly conductive, thereby pulling the voltage of output 214 and 
node 228 higher as the voltage of rail 220 rises. Because transistor 221 increases the 
threshold voltage of inverter 206, current will flow through transistor 207 when output 214 is 
at a lower voltage than the voltage at which node 228 is at for current to flow through 
transistors 211 and 221. Accordingly, as the voltage of rail 220 rises, the voltage at output 

15 214 will surpass the gate to source voltage of transistor 207 before the voltage of node 228 
reaches a voltage greater than the gate to source voltage of transistor 211 plus the gate to 
source voltage of transistor 221. Thus, transistor 207 be conductive to pull node 228 to 
ground, thereby making transistor 209 fully conductive and making transistor 211 non 
conductive. With transistor 209 conductive, output 214 is pulled to VDD2. 

20 [0027] Thus, during power up, output 214 of level shifter 201 will be in a known state 
(the high voltage state e.g. at the voltage of rail 220) prior to the rise of the voltage of rail 
222. 

[0028] In one embodiment, the difference in the threshold voltage between inverter 204 
and 206 is 200 millivolts. However in other embodiments, the difference in threshold voltage 
25 may be greater or less (e.g. 100 mill volts). In other embodiments, the threshold voltage may 
be less, depending the voltage of VDD2. In other embodiments, the difference in threshold 
voltage may be 3% or greater of VDD2. In some embodiments, the threshold voltage 
difference is an amount large enough that the level shifter will be pulled to the known state 
during every power up. 
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[0029] Figure 3 is a circuit diagram of another embodiment of a level shifter according to 
the present invention. Level shifter 301 includes a non inverting output 314 and an inverting 
output 316. A high voltage (e.g. VDDl) at input 312 will cause a high voltage (e.g. VDD2) 
at output 314 and cause a low voltage (e.g. OV) at output 316. Also, a low voltage (e.g. OV) 
5 at input 312 will cause a high voltage (e.g. VDD2) at output 316 and cause a low voltage (e.g. 
OV) at output 314. 

[0030] Level shifter 301 includes a pair of cross coupled inverters with inverter 304 
including P-channel transistor 305, N-channel transistor 307, and N-channel transistor 321 
and inverter 306 including P-channel transistor 309 and N-channel transistor 311. Inverter 
10 304 has an input connected to output 314 and an output connected to output 316. Inverter 306 
has an output connected to output 3 14 and an input connected to output 316. Level shifter 
301 also includes an N-channel transistor 313 having a gate connected to input 312 and an N- 
channel transistor 315 having a gate coupled to input 312 via a inverter made from P-channel 
transistor 317 and N-channel transistor 318. 

15 [0031] Level shifter 301 includes a pair of stress reduction N-channel transistors 331 and 
333 for reducing the voltage stress across transistors 313 and 315. Because in one 
embodiment, VDDl is a lower voltage than VDD2, transistors 313 and 315 are designed to 
have a lower threshold voltage for faster switching and also have a lower maximum source to 
drain voltage. In some embodiments, the desired maximum source to drain voltage of 

20 transistors 313 and 315 may be less than VDD2. Using stress reduction transistors allows 

transistors 313 and 315 to have a low threshold voltage in that the stress reduction transistors 
provide a voltage drop such that the maximum source to drain voltage across transistors 313 
and 315 is less than VDD2. In one embodiment, VDD2 is 3.3 V and VDDl is 1.2 V. Thus in 
this embodiment, the voltage drop across transistors 333 and 331 would be approximately 2.1 

25 volts. 

[0032] In the configuration shown, the threshold voltage of inverter 304 is greater than 
the threshold voltage of inverter 306 due to the addition of transistor 321. One difference 
between the cross coupled inverter configuration of Figure 3 versus the cross coupled inverter 
configuration of Figure 2 is that the inverter (306) with a lower threshold voltage in Figure 3 
30 has an output connected to the non inverting output 314, whereas with Figure 2, the inverter 
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with the higher threshold voltage (206) has an output connected to the non inverting output 
214. Accordingly, with the configuration of Figure 3, the non inverting output 3 14 will be 
pulled to a low voltage state (OV) during the power up of a circuit, wherein with the 
configuration of Figure 2, the non inverting output 214 is pulled to a high voltage state during 
5 the power up of a circuit. Also, with the configuration of Figure 3, the inverting output 3 16 is 
pulled to a high voltage state during power up. 

[0033] Figure 4 is a circuit diagram of a level shifter and a drive circuit according to the 
present invention. Level shifter 401 includes a pair of cross coupled inverters with inverter 
404 including P-channel transistor 405 and N-channel transistor 407 and inverter 406 
10 including P-channel transistor 409 and N-channel transistors 411 and 421 . Inverter 404 has an 
input connected to output 414 and an output connected to node 428. Inverter 406 has an 
output connected to output 414 and an input connected to node 428. 

[0034] The threshold voltage of inverter 406 is greater than the threshold voltage of 
inverter 404 due to the addition of transistor 421. Accordingly, during power up, output 414 
15 will be pulled to a high voltage state (e.g. the voltage of rail 420). 

[0035] Level shifter 401 includes two sets of stress relief transistors. The first set 
(transistor 433 and 431) have their gates biased at VDDl. The second set (transistors 440 and 
442) have their transistors biased at an intermediate voltage (VDD3). Utilizing a second set 
of stress relief transistors (transistors 440 and 442) enables level shifter 401 to shift between a 
20 wider range of power supply voltages. For example, the voltage difference between VDDl 

and VDD2 may be spread across the source to drain voltage drop of a transistor of the first set 
(e.g. 433) and a transistor of the second set (e.g. 440) Also, it enables the use of faster 
switching transistors for the first set of switching transistors (e.g. 433 and 431). Level 
shifters of other embodiments may include more than two sets of stress relief transistors. 

25 [0036] In one example, VDDl is L2V, VDD2 is 3.3 V, and VDD3 is 1.875 volts where 
the voltage drop across the first set of stress relief transistors (e.g. 433) is .5 V and the voltage 
drop across the second set of relief transistors (e.g. 440) is about 1.8 V. 

[0037] Also shown in Figure 4 is a driver circuit 45 1 having an input 47 1 connected to 
output 414 and an output 473. Output 473 provides an inverted voltage state of output 414. 
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Driver circuit 451 is utilized to speed up the effect of the relatively slow low to high voltage 
transition of output 414 due to the relatively weak P-channel transistors 405 and 409. Driver 
circuit includes transistor 469 to decrease the transition time of output 473 from a high 
voltage to a low voltage (which corresponds to a transition of output 414 from a low voltage 
5 to a high voltage). Driver circuit 451 includes two stress relief transistors 467 and 465. 

[0038] Driver circuit 45 1 includes two separately controllable drive stages. The first 
drive stage includes transistors 459 and 457 and the second drive stage includes transistors 
453 and 455. When enabled by a drive signal (CTR A and CTR B), these stage increase the 
drive strength of a signal on output 473 going from a low voltage to a high voltage. Driver 
10 circuits of other embodiments, may include only one drive stage or more than two drive 
stages. Other drive circuits would not include such drive stages. Also, other drive circuits 
may include a lesser number (e.g. 0 or 1) or a greater number of stress relief transistors. 

[0039] The circuit shown in Figure 4 may be modified to include a capacitor between rail 
420 and output 414 for increasing the speed that output 414 goes to VDD2 during power up. 
15 With some embodiments, the capacitance of P-channel transistor 463 may provide enough 
capacitance to obtain the same effect. 

[0040] Figure 5 is a circuit diagram of another embodiment of a level shifter according 
the present invention. Level shifter 501 includes a pair of cross coupled inverters with 
inverter 504 including P-channel transistors 505 and 52 1 and N-channel transistor 507 and 
20 inverter 506 including P-channel transistor 509 and N-channel transistor 511. Inverter 504 has 
an input connected to output 514 and an output connected to node 528. Inverter 506 has an 
output connected to output 514 and an input connected to node 528. 

[0041] Inverter 504 has a lower threshold voltage than inverter 506 due to the addition of 
P-channel transistor 521. In one embodiment where the lengths and widths of transistors 505, 
25 507, 509, 511, and 521 are the same and the mobility of transistors 511 and 507 is about 

twice as great as the mobility of transistors 505 and 509, the threshold voltage of inverter 506 
is greater than the threshold voltage of inverter 504 by about 1/3 the gate to source voltage of 
transistor 521. In other embodiments, the decrease in threshold voltage of an inverter due to 
an additional P-channel transistor (e.g. 521) is given by the following formula: 
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[0042] AV77/ 




[0043] where AVTH is the decrease in threshold voltage due to the additional transistor, 
VTH is the threshold voltage of the inverter without the additional transistor, and Vgs is the 
gate to source voltage of the additional transistor. This formula assumes that the other 
5 transistors of the inverter have the same channel widths and lengths. With other 

embodiments, the decrease in the threshold voltage due to the additional P-channel transistor 
may be different (e.g. V4 of Vgs or greater) depending upon the configuration of the invertors. 

[0044] Because the threshold voltage of inverter 504 is lower than inverter 506, non 
inverting output 514 will be pulled to a high voltage state during a power up. During power 

10 up and before the voltage of rail 522 begins to rise, output 514 and node 528 are initially at 0 
volts (or at a lower voltage than the threshold voltage of inverters 504 and 506) due to rail 
520 being at OV or at a low voltage. With output 5 14 and node 528 initially at zero (or at a 
low voltage), transistor 509 is weakly conductive thereby pulling the voltage of output 514 
higher as the voltage of rail 520 rises. Because of transistor 521, the voltage at node 528 will 

15 not begin to rise until the voltage at rail 520 has exceeded the gate to source voltage of 

transistor 521 plus the gate to source voltage of transistor 505. Because output 514 will reach 
the gate to source voltage of N-channel transistor 507 faster than the voltage of node 528 will 
reach the gate to source voltage of N-channel transistor 511, node 528 will be pulled to 
ground, fiiUy making conductive transistor 509 to pull output 514 to VDD2. 

20 [0045] Figure 6 is a block diagram of one embodiment of an integrate circuit according to 
the present invention. In the embodiment shown, circuit 601 includes a processor core 605 
and I/O circuits 609 for providing an external interface for the signals of core 605. Core 605 
is powered by a power supply regulator 603 at voltage VDDl, wherein the voltage of the 
signals of core 605 range from OV to VDDl. In some embodiments, the voltage supplied by 

25 regulator 603 may vary for core speed optimization and power management considerations. 
The input and output signals of I/O circuits 609 range from OV to VDD2, in that I/O circuits 
609 are supplied with a power supply at VDD2 from rail 623. A level shifter 607 is utilized 
for shifting the voltage level of the high voltage state of a signal provided at processor output 
626 from VDDl to VDD2. 
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[0046] In the embodiment shown, regulator 603 receives power from rail 621 at a voltage 
of VDD3 and provides power at a voltage of VDDl to core 605. Accordingly, during the 
power up of the integrated circuit, the voltage at rails 621 and 623 rise faster than the voltage 
supplied by regulator 603. Accordingly, level shifter 607 includes a pair of cross coupled 
5 inverters having different threshold voltages (e.g. as shown or described with respect to 
Figures 2-5) to ensure that that output 625 of VO circuit 609 is at a known voltage state 
during power up of circuit 601 prior to the output of regulator 603 reaching an operating 
voltage. 

[0047] In other embodiments, level shifters shown or described herein may be used in 
10 other types of integrated circuits. 

[0048] One advantage that may occur from providing a circuit having a level shifter 
having an output at a known voltage state during power up is that the circuit will not provide 
false or errant signals to extemal devices during power up. Furthermore, a circuit can be 
designed such that the known voltage state during power up is a voltage state that will 
15 consume minimal power. Further, with such a circuit, other types of circuits for ensuring that 
an output I/O is at a known state may be eliminated or reduced. 

[0049] In other embodiments, the threshold voltage of cross coupled inverters may be 
varied by using transistors of different strengths to implement inverters with different 
threshold voltages. For example, the ratio of the strength of the N-channel transistor to the P- 

20 channel transistor may be higher in one inverter to provide for an inverter with a smaller 
threshold voltage. The strength of a transistor can be increased by increasing its channel 
width or reducing its channel length. Accordingly, inverters having the same transistor 
configuration may be provided with different threshold voltages by varying the channel length 
or channel width of one (or more) of the transistors of one inverter from the channel length or 

25 channel width of the corresponding transistor (or transistors) of the other inverter. For 
example, referring to Figure 1, N-channel transistor 111 may be provided with a longer 
channel than N-channel transistor 107 to increase the threshold voltage of inverter 106 with 
respect to inverter 104 according to one embodiment of the present invention. 

[0050] In other embodiments, the threshold voltage of cross coupled inverters may be 
30 varied by using transistors of different threshold voltages to implement the cross coupled 
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inverters. For example, referring to Figure 1 , transistor 111 may have a lower threshold 
voltage than transistor 107 according to one embodiment of the present invention. For 
example, transistor 111 may have a thinner gate dielectric than transistor 107 to provide for a 
lower threshold voltage. 

5 [0051] One advantage of using an extra transistor in one inverter of the cross coupled 
inverters is that the cross coupled inverters can be made with N-channel transistors (or P- 
channel transistor is some embodiments) of the same type and dimension, thereby easing the 
implementation of the level shifter. 

[0052] In other embodiments, inverters of other configurations may be utilized. In other 
10 embodiments, cross coupled inverters of other configurations may be utilized. In other 
embodiments, driver circuits of other configurations may be utilized. 

[0053] In other embodiments, the threshold voltage of an inverter may be increased by 
adding more than one additional transistor. For example, Figure 2 may be modified to 
include a second additional transistor located between transistor 221 and ground. 

15 [0054] The features shown and described herein with respect to any embodiment, may be 
combined with the circuits shown or described herein of the other embodiments. For 
example, level shifter 501 may be modified to include stress reduction transistors as shown in 
Figures 3 and 4. Also, inverters 204, 306, and/or 404 may be modified to have the 
configuration of inverter 504. Furthermore, level shifters 201, 401, 501 may be modified 

20 such that their non inverting output is pulled to a known low voltage state during power up. 
Also, level shifter 301 may be modified for output 316 to be pulled to a high voltage state 
during power up. 

[0055] In one embodiment of the invention, a level shifter comprises a first inverter 
having a first threshold voltage and a second inverter having a second threshold voltage. The 
25 second threshold voltage is greater than the first threshold voltage by at least a predetermined 
amount. The first inverter and the second inverter are cross-coupled. 
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[0056] In another embodiment of the invention, a method of making a level shifter 
comprises providing a first inverter having a first threshold voltage and providing a second 
inverter having a second threshold voltage greater than the first threshold voltage by at least a 
predetermined amount. The first inverter and the second inverter are cross-coupled. 

5 [0057] hi another embodiment of the invention, a level shifter comprises a first inverter 
having a first configuration of transistors and a second inverter having a second configuration 
of transistors, the first inverter and the second inverter are cross coupled. The second 
configuration includes an additional transistor not found in the first configuration. 

[0058] While particular embodiments of the present invention have been shown and 
10 described, it will be recognized to those skilled in the art that, based upon the teachings 

herein, further changes and modifications may be made without departing from this invention 
and its broader aspects, and thus, the appended claims are to encompass within their scope all 
such changes and modifications as are within the trae spirit and scope of this invention. 
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